High Fat Diet Accelerates Cartilage Repair in DBA/1 Mice by Wei, W et al.
Wei et al 2016 High fat diet accelerates cartilage repair


High fat diet accelerates cartilage repair in DBA/1 mice

Wu Wei1, Yvonne M. Bastiaansen-Jenniskens1, Mathijs Suijkerbuijk1, Nicole Kops1, Pieter K. Bos1, Jan A.N. Verhaar1, Anne-Marie Zuurmond2, Francesco Dell’Accio3, Gerjo J.V.M. van Osch1,4

1Department of Orthopaedics, Erasmus MC University Medical Center, Rotterdam, The Netherlands
2TNO, Leiden, The Netherlands
3Department of Rheumatology, Queen Mary University, London, United Kingdom















Traumatic articular cartilage injury, a common pathology of the knee(1), results in considerable morbidity and disabilities and could eventually lead to osteoarthrithis (OA). Articular cartilage has low self-repair capabilities(2) and the microfracture procedure is used to induce intrinsic cartilage repair by mesenchymal stem cells (MSCs)(3) The microfracture procedure leads to significant symptomatic improvements in most patients ADDIN EN.CITE (4, 5) The clinical improvements are reported to be less in patients with obesity ADDIN EN.CITE (6) and these patients are now often excluded from treatments (7). However, there is no information about the structure of the newly formed cartilage or mechanisms explaining the relationship between obesity and worse clinical outcome. 
Obesity is a major health problem in the Western society and the number of persons with obesity is increasing. Obesity could lead to systemic metabolic and inflammatory changes such as hyperglycemia, hyperinsulinemia, increased serum amyloid A and infiltration of adipose tissue by pro-inflammatory macrophages ADDIN EN.CITE (8). Obesity is a well-known major risk factor for the development of OA(9). Furthermore, obesity exaggerated post-traumatic arthritis(10) and rheumatoid arthritis ADDIN EN.CITE (11) and could lead to impaired wound healing after an operation ADDIN EN.CITE (12). However, it is unknown what the precise effect is of obesity on intrinsic cartilage defect repair. 
To optimize cartilage repair treatment results in obese patients, it is therefore essential to investigate whether and how obesity negatively influences cartilage repair. To answer this question, we performed an in-vivo mouse study to investigate the direct effect of obesity on intrinsic cartilage repair. In our study, a high fat diet (HFD) was used to increase weight and mimic human obesity in mice (13).  HFD has been shown to increase weight and to be detrimental to cartilage and cause OA in the C57/BL6 strain of mice  ADDIN EN.CITE (12, 14). Furthermore, HFD decreases the chondrogenic differentiation potential of MSCs from C57/BL6 mice ADDIN EN.CITE (15)







Eight-weeks-old male DBA/1OlaHsd mice were acquired from Harlan UK and maintained at the animal testing facilities of the Erasmus MC University Medical Center, The Netherlands. Mice were housed in groups of three or four mice per cage under 12 hours light-dark cycle and had access to water and food ad libitum. The study protocol was approved by the institutional Animal Care and Use Committee (Erasmus MC University Medical Center, The Netherlands, AEC 116-12-05).  Mice were allowed to acclimatize, were fed regular chow for two weeks and were allocated randomly to the diet groups. At the age of 10 weeks, mice were fed with a HFD (D12492; Research Diets, 60% kcal from fat) or control diet (D12450B; Research Diets, 10% kcal from fat). Both diets contained 4057 kcal per kilogram dry weight. Mice were weighted every two weeks and the mice continued to receive their respective diets until they were killed.

Operative procedure
At the age of 12 weeks mice were anesthetized with an isoflurane/O2 mixture and a full thickness cartilage defect was created as previous described ADDIN EN.CITE (16). The left hind leg was shaved and disinfected using alcohol. An incision using a nr 11 microsurgical scalpel was made medially and proximally from the insertion of the patellar tendon on the tibia towards the attachment of the quadriceps muscle. The joint capsule was opened with a small incision and the joint was fully extended to dislocate the patella laterally. The knee joint was then fully flexed to expose the trochlear groove articular surface. A full thickness cartilage defect was then made using a 25G needle by scratching the articular surface. The joint was flushed with saline and closed using 6-0 Vicryl (Ethicon). The skin was closed using 6-0 Ethilon (Ethicon). The mice were given one dose of analgesic subcutaneously preoperatively (Temgesic, 0.05 mg/kg). Mice were allowed to move freely post operation and to be full weight bearing. Mice were sacrificed 1, 8 and 24 weeks after operation with a heart puncture under isoflurane/O2 anesthesia. All mice reached end-point without disease. 34% of the operated mice had a patella dislocation and were excluded from the analysis. These mice were equally distributed over both groups: patella dislocation rate was 35% for the control group and 32% for the HFD fed group. We continued to operate mice until there were at least 5 mice per group. The time points and minimum number of mice per group needed were based on previous study by Eltawil et al ADDIN EN.CITE (16).  The final number of mice on a control diet included for analysis was 8 mice at 1 week, 9 mice at 8 weeks and 6 mice at 24 weeks. For the mice on a HFD, the number of mice included was 6 mice at 1 week, 9 mice at 8 weeks and 6 mice at 24 weeks. 

Serum collection and analysis
Blood was collected through a cheek puncture one day before the operation and through a heart puncture at end points. We collected three drops of blood during the cheek puncture and 1 ml of blood through the heart puncture. There was no noticeable difference in bleeding tendency between animals. Mice were fasted for 4 hours before blood collection. Blood was stored for 1 hour at room temperature, followed by 30 minutes at 4°C, then centrifuged for 5 minutes at 250g. Serum was removed and immediately stored at -80°C. Serum glucose was determined using a blood glucose meter (FreeStyle Freedom Lite, Abbott Laboratories). Serum insulin (Alpco, #80-INSMS-E01) and serum amyloid A (SAA, Alpco, #41-SAAMS-E01) were determined by Enzyme-Linked Immuno Sorbent Assay (ELISA) according to the manufacturer’s instructions. 

Tissue preparation for histological analysis
The skin of both hind legs of all animals was opened. The patella with surrounding synovium was removed, placed in Tissue Tek® (Sakura Finetek, the Netherlands) and snap frozen in liquid nitrogen. 6 µm thick cryosections were made of the patella with surrounding synovium. Subcutaneous adipose tissue of 5 mice per diet at time point 8 weeks after the operation were fixed in 4% buffered formalin for 1 hour, embedded in paraffin and 6 µm thick paraffin sections were made. The knees of all animals were excised and fixed in 4% buffered formalin for 7 days, decalcified in 10% formic acid in distilled water for 7 days and embedded in paraffin. 6 µm thick paraffin sections were made of the knees as described by Eltawil et al  ADDIN EN.CITE (16). 

Evaluation of cartilage repair
Paraffin sections were stained with thionin or immunohistochemically stained with a monoclonal antibody against collagen type 2. For immunohistochemical staining, collagen type 2 antibody (DSHB, # II-II 6B3) or IgG1 isotype control (Dako Cytomation #X0931) were first pre-coupled with biotin-SP F(ab)2 (Jackson, #115-066-062). Sections were then incubated with the coupled antibody complex, followed by Label (Biogenex, HK-321-UK) and freshly prepared new-fuchsin was used as substrate. Pictures were taken using an Olympus SC30 camera.  The size of the defect and percentage of defect filled was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The number of cells in the defect was determined in ImageJ and expressed as per 100µm2. Cartilage repair was assessed using the scoring system devised by Pineda et al (18), in which filling, reconstruction of osteochondral junction, matrix staining and cell morphology were taken into account. The Pineda scoring system has a range of 0 to 14, in which 0 means complete repair and 14 no repair at all. Osteoarthritic damage in the cartilage surrounding the defect was assessed using a modified Mankin scoring system(19). Both scoring systems were performed by two independent observers (WW and MS) while being blinded to the group assignment. The mean score of three different slides was determined and in case of a >1 score discrepancy between the two observers, rescoring was performed together by the two observers. 

Evaluation of local and systemic inflammation  
Cryosection of the patella with surrounding synovium were fixed in acetone and stained with hematoxylin and eosin (H&E). For immunohistochemical staining, sections were incubated with monoclonal antibody against F4/80 (eBioscience, #14-4801), polyclonal antibodies against iNOS (Abcam, #15323) and CD206 (Abcam, #64693). Rat IgG2a antibody (eBioscience, #14-4321-82) were used as isotype control for F4/80 and rabbit IgG antibody (Dako Cytomation #X0903) were used as isotype control for iNOS and CD206. Subsequently, F4/80 sections were incubated with biotinylated rabbit-anti-rat IgG (Vector, #BA-4000) and iNOs and CD206 sections were incubated with Rabbit-Link (Biogenex, HK-326-UR). All sections were afterwards incubated with Label (BioGenex, HK-321-UK) and freshly prepared new-fuchsin was used as substrate. A cell was considered positive when stained red.
Synovial inflammation was evaluated using the histological scoring system devised by Krenn et al (20). To determine whether HFD had an effect on synovial macrophage phenotype, immunohistochemically stained samples were ranked based on their relative number of positive cells in three sections per sample by two independent observers (WW and MS). Scoring and ranking were performed for each marker separately and the average rank for each sample between the two observers was used in the analysis. 
Paraffin sections of subcutaneous adipose tissue were deparafinized, treated with proteinase k solution (Sigma-Aldrich) for antigen retrieval and followed by the same immunohistochemical staining procedure for F4/80 as the synovium. Two independent observers (WW and MS) counted the number of crown like structures per area of random 100 adipocytes for 3 sections per sample and the average number between the two observers was used in the analysis.

Statistical analysis




High fat diet accelerates cartilage repair early after cartilage damage	
One week after the creation of the defect, in mice on a HFD, spindle shaped cells had partially filled the defect (Figure 1A). A higher percentage of the defect was filled in the mice on a HFD than on control diet (Figure 1A and D), although this was not statistically significant (Figure 1D; 95% CI: 63-91% versus 38-77%; P=0.15). 
Figure 1: High fat diet feeding improves cartilage repair. 



















	Control diet	High fat diet
	F	R	M	C	Total	F	R	M	C	Total
1 week	2.0 (±1.1)	2.0 (±0.0)	3.4 (±0.7)	3.1 (±0.9)	10.5 (±1.4)	1.3 (±0.5)	2.0 (±0.0)	2.7 (±0.8)	2.3 (±0.5)	8.5 (±0.7)
8 weeks	0.8 (±0.8)	1.9 (±0.3)	3.1 (±0.3)	2.8 (±0.4)	8.7 (±1.3)	0.8 (±1.3)	1.3 (±0.7)	2.0 (±1.1)	2.1 (±1.3)	5.3 (±3.0)
24 weeks	0.8 (±0.8)	1.2 (±0.4)	1.9 (±0.9)	2.1 (±1.0)	6.0 (±2.4)	0.8 (±0.8)	1.8 (0.4)	2.2 (0.8)	2.2 (0.8)	7.0 (±2.0)
Table 1: High fat diet improves cartilage repair
Cartilage repair evaluated using the Pineda scoring method. The different components of the Pineda scoring method are showed. Lower score represents better cartilage repair results. F: Filling of the defect (-1-4), R: Reconstruction of osteochondral junction (0-2), M: Matrix staining (0-4) and C: Cell morphology (0-4). Values are mean (±SD). Bold indicates P<0.05 versus Control diet. 

After 8 weeks, almost all the mice had filling of the defect (Figure 1D), however only the HFD fed mice had defects filled with chondrocyte-like cells surrounded with positive thionin and collagen type 2 staining (Figure 1A and B). In addition, the number of cells in the defect was higher in HFD fed mice compared to the control mice (Figure 1E). Finally, the Pineda score was lower 1 week (P=0.04) and 8 weeks (P=0.01) after operation in mice on a HFD compared to control diet (Figure 1F and Table 1).	

High fat diet does not cause major systemic or local metabolic and inflammatory changes in DBA/1 mice	 
24 hours before the operation, high fat diet fed mice were heavier (26.2 grams versus 23.3 grams; P=0.004) and had higher serum glucose (P=0.01) than mice receiving a control diet (Figure 2A-B). Serum insulin and amyloid were not different between the two groups. Eight weeks after the operation the mice on HFD were still heavier and had higher fasting serum glucose, although the glucose level was not different from 1 week after operation. (Figure 2B). Serum insulin and amyloid A were not affected by HFD (Figure 2C and D). As seen on histology, HFD induced adipocyte hypertrophy (Figure 2E). There was less than one crown like structure (CLS) per 100 adipocytes and there was no significant difference between control and HFD fed mice. Finally, we investigated whether HFD influenced local inflammation in the joint and specifically the synovium. The synovium was more inflamed 
1 week after the operation compared to 8 weeks (Figure 3A-B). There was no detectable synovial inflammation in the non-operated knees. No statistically significant effect of the HFD on synovitis and rank of F4/80, iNOS or CD206 positive cells was detected (Figure 3B-E). 

Figure 2: High fat diet increases body weight, but does not cause major systemic metabolic and inflammatory changes in DBA/1 mice. 
Mice were fasted for 4 hours prior to serum collection. A) Body weight of the mice. Fasting serum B) glucose, C) insulin and D) amyloid A at 1, 8 and 24 weeks after operation. Timepoint 0 represents 24 hours before operation. E) Representative pictures of subcutaneous adipose tissue stained with antibodies against F4/80 at 8 weeks after operation. Positive cells are indicated with arrows. Bar values are mean ± SD (n=6-9 mice per group). *P<0.01 versus control diet. **P<0.05 versus control diet..

Long term effects of high fat diet and cartilage damage in DBA/1 mice




Figure 3: High fat diet does not influence operation induced synovial inflammation. 





Table 2: Long term effects of high fat diet on osteoarthritis development.
	Control diet	High fat diet	P-Value
Modified Mankin score (non-operated knee)	0 (No OA)	0 (No OA)	1.0
Modified Mankin  score (operated knee)	1.5 (±0.5)	1.7 (±0.5)	1.0
P-Value	P<0.01	P<0.01	





Obesity, a major risk factor for joint diseases(9), has been reported to negatively influence the clinical results of cartilage repair procedures ADDIN EN.CITE (6, 21). The present study is to our knowledge the first one that investigated the direct effect of a HFD induced weight gain on intrinsic repair of cartilage defects in an experimental mouse model for cartilage repair. In contrast to our hypothesis, mice on a HFD had a better Pineda score than the mice on a control diet. This difference was already detectable 1 week after making the defect, but became more obvious after 8 weeks. We could not detect a significant difference in cartilage repair anymore between the two diet groups after 24 weeks, suggesting that HFD only accelerated and not improved cartilage repair.

Previous reports on HFD have all shown detrimental effects of an HFD on cartilage.  Wu et al ADDIN EN.CITE (12) showed that HFD reduced ear wound healing and accelerated the progression to OA after destabilization of the medial meniscus. Louer et al(10) showed that HFD accelerated post-traumatic arthritis. However, these studies used young adult C57BL/6 mice and this strain of mice, in contrast to DBA/1 mice, does not possess cartilage repair capabilities ADDIN EN.CITE (16, 22, 23) Next to DBA/1 mice, MRL/MpJ mice are known to possess cartilage repair capabilities ADDIN EN.CITE (24, 25). Interestingly, these mice gained weight and fat mass, but did not develop the major metabolic changes seen in C57BL/6 mice after being fed a HFD ADDIN EN.CITE (17, 26). Our mice gained weight, even only after 2 weeks of HFD and continued to increase weight during the 24 weeks of the study, but did not develop major metabolic changes. This suggests that the degree of metabolic response to HFD and ability to repair cartilage damage might be associated.
Individual differences in response to being obese are also known in humans. Accumulation of macrophages in crown like structures (CLS) in obese subjects is associated with hyperinsulinemia and increased systemic inflammation ADDIN EN.CITE (27, 28) and metabolically healthy obese subjects do not have these CLS in their adipose tissue. The absence of CLS in the adipose tissue of the DBA/1 mice on a HFD again indicates that the DBA/1 mice are resistant to HFD-induced metabolic and inflammatory changes. 

Previously we have shown that the level of inflammatory response to a HFD was associated with the development of OA ADDIN EN.CITE (29). An initial higher inflammatory response in CRP-C57BL/6 mice to a HFD with increased serum levels of human C-reactive protein (hCRP) was correlated to OA development. Furthermore, rosiglitazone, a peroxisome proliferator-activated receptors (PPAR)γ agonist with anti-inflammatory properties, decreased HFD associated inflammation and OA development, even though it increased weight gain in these mice. In the present study, HFD did not induce systemic and local inflammatory changes in male DBA/1 mice based on the serum amyloid A measurements and immunohistological staining for macrophages in the synovium and adipose tissue. These mice also did not develop more OA, even in the presence of a cartilage defect. This again suggests that susceptibility to developing inflammatory changes might be associated to the development of OA. However, this may only account for HFD induced inflammatory changes, because inhibition of spontaneous occurring obesity related inflammatory changes in STR/Ort mice with fenofibrates did not inhibit the development of OA ADDIN EN.CITE (30). 

The male DBA/1 mice on a control diet in our study showed cartilage repair after 8 weeks, albeit not to the same degree as described by Eltawil et al ADDIN EN.CITE (16). Although the mice used were of the same DBA/1OlaHsd strain from the same company, we have made the defects at the age of 12 weeks instead of 8 weeks, as in the study by Etawil et al. Intrinsic cartilage repair capabilities might have been reduced with increasing age, however younger DBA/1 mice would very likely have adapted to a HFD and not gained weight ADDIN EN.CITE (11). The choice to use 12 weeks old DBA/1 mice might make translation of the results of our study to older individuals difficult. However, the current model has limited us not to use older mice. Finally, we used D12450B as the control diet as advised by the diet manufacturer (Research Diets). This control diet contains 10% kcal from fat and 35% kcal from sucrose. Eltawil et al used chow which has lower amount of kcal from sucrose. We cannot exclude that the high sucrose could have reduced cartilage repair. 
Furthermore, cartilage repair could be influenced by weight bearing activities after surgery(31). Although it has been shown that HFD does not influence activity level in C57BL/6 mice, we cannot exclude that HFD could have influenced activity level of the mice in our study ADDIN EN.CITE (12).

Although HFD had no effect on inflammation, it slightly increased the serum glucose before creation of the defect and serum glucose levels remained higher 8 weeks after the defect was made. This higher glucose level may have improved the initial cartilage repair process after cartilage damage, because differentiation to chondrocytes and synthesis of extracellular matrix requires a large amount of nutrients. An abundance of nutrients might also have increased the activity of mammalian target of rapamycin (mTOR), which is known to support skeletal growth and extracellular matrix production(32). 
However, a higher mTOR expression in cartilage is also correlated to cartilage damage and mTOR inhibition by rapamycin could prevent post-traumatic OA development ADDIN EN.CITE (33). Increased mTOR expression could have played a role in initial cartilage repair in DBA/1 mice, but in the long term mTOR might have been suppressed to increase autophagy and protect the cartilage. 
Next to hyperglycemia, a HFD can  lead to hypercholesterolemia. Recently it has been shown that cholesterol metabolism and cartilage development and repair could be related. Statins are used to reduce serum cholesterol through inhibition of the enzyme HMG-CoA and statins could be a potential therapy for developmental diseases such as achondroplasia and might stimulate chondrogenic potential of intervertebral disc cells. ADDIN EN.CITE (34, 35) However, it is known that a HFD does not increase serum total cholesterol in male DBA/1 mice  ADDIN EN.CITE (17). It could be that the enzyme HMG-CoA or another enzyme in the mevalonate pathway is less active in DBA/1 mice and that this could be related to increased cartilage repair in this mouse strain. 
Besides serum metabolic changes, cartilage repair could also be directly influenced by the fat content of HFD. HFD contains mainly saturated and monounsaturated fatty acids which reduces, rather than stimulates, the chondrogenic potential of MSCs from C57BL/6 mice ADDIN EN.CITE (15). However, MSCs isolated from DBA/1 mice have been reported to have a better chondrogenic potential than those isolated from C57BL/6 mice ADDIN EN.CITE (36). The effect of HFD on MSC chondrogenesis could therefore be different in different strain of mice. 
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